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Spergen-1, a recently identified molecule specifically expressed in haploid spermatids in testis, is a small protein of 154
amino acids with a mitochondria-targeting signal at the N terminus. To examine the localization of spergen-1 protein in
germ cells, we performed immunocytochemistry with the anti-spergen-1 antibody on frozen sections of rat testis and
purified spermatozoa. Immunolabeling for spergen-1 was detected in mitochondria of elongating spermatids and of the
middle pieces of matured spermatozoa. Immunoelectron microscopy revealed that spergen-1 was localized to the surface of
mitochondria in the middle piece of spermatozoa. To investigate the properties of spergen-1, COS-7 cells were transfected
with vectors encoding various spergen-1 mutants. The transfection experiments showed that spergen-1 expressed in the
cells tended to agglutinate mitochondria and assemble them into aggregations and that the C-terminal region of spergen-1
as well as the N-terminal mitochondrial targeting signal was requisite for induction of mitochondrial aggregation. These
results suggest that spergen-1, a mitochondria-associated molecule in spermatozoa, has a property to induce mitochondrial
aggregation at least in cultured cells. We hypothesize that spergen-1 might function as an adhesive molecule to assemble
mitochondria into the mitochondrial sheath around the outer dense fibers during spermiogenesis. © 2002 Elsevier Science (USA)
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spermatogenesis.INTRODUCTION
Spermatogenesis is a complicated process by which dip-
loid spermatogonia differentiate into mature spermatozoa,
and this process involves remarkable morphological and
biochemical changes. Spermatogonia, committed for differ-
entiation into spermatozoa, give rise to spermatocytes that
generate haploid round spermatids after meiotic division.
During the process of a postmeiotic phase, i.e., spermiogen-
esis, round spermatids undergo the drastic morphological
changes that lead to the production of elongated spermato-
zoa. The morphological changes, such as acrosome forma-
tion, nuclear condensation, mitochondrial sheath and fla-
gellum formation (Leblond and Clermont, 1952; Clermont,
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All rights reserved.1972), entail a biochemical reconstruction of spermatogenic
cells. Identification of genes specifically expressed during
spermiogenesis is very important because they might regu-
late the drastic morphological changes of haploid sperma-
tids.
We have recently isolated a cDNA clone encoding the
entire open reading frame of 462 bp coding a small protein
of 154 amino acids (Accession No. AB057408; Doiguchi et
al., 2002). The gene was specifically expressed in testis and
developmentally upregulated during rat testis development.
Its mRNA was exclusively detected in haploid round sper-
matids (step 5–11) in the rat seminiferous tubules and
designated as spergen-1 (spermatogenic cell-specific gene-
1). The transfection experiments performed in COS-7 cells
indicated that spergen-1 has an N-terminal mitochondria-
targeting signal, and the association of spergen-1 protein
with mitochondria of spermatogenic cells was biochemi-
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cally suggested. We hypothesized that spergen-1 might be
involved in spermiogenesis by associating with spermatid
mitochondria (Doiguchi et al., 2002).
In this study, we intended to determine the localization
of spergen-1 protein in spermatogenic cells. We also pro-
vided the data showing that spergen-1 protein, when ex-
pressed in cultured COS-7 cells, tended to induce mito-
chondrial aggregation. The function of spergen-1 with
respect to differentiation of spermatids to spermatozoa,
especially to mitochondrial sheath formation during sper-
miogenesis, was discussed.
MATERIALS AND METHODS
Antibodies and Immunohistochemistry
The antibody against spergen-1 was characterized in the previ-
ous study (Doiguchi et al., 2002). The antibody was affinity-
purified and concentrated by Biomax-5 centrifugal filter (Millipore,
Bedford, MA). MN-7 monoclonal antibody recognizes a 90-kDa
acrosome protein, Acrin 1, localized in the acrosome (Saxena et al.,
1999). Acrin 1 was used as a marker protein to position heads of
developing spermatids and spermatozoa in the immunostained
samples. The antibody against rat Tom40, a mitochondrial outer
membrane protein, was a generous gift from Dr. Katsuyoshi Mi-
hara.
For immunohistochemical detection of spergen-1, testes of adult
Wistar rats were fixed in 3% paraformaldehyde in PBS at 4°C for
4 h, washed three times in PBS, incubated in PBS containing NH4Cl
for 30 min, then rinsed in PBS. After infiltration of 20% (w/v)
sucrose in PBS, the testes were immersed in OCT compound
(Tissue-Tek, Miles Inc, Elkhart, IN) and immediately frozen by
liquid nitrogen. Frozen sections of 8-m thickness were cut by a
cryostat (LEICA CM1850). The sections were washed in PBS and
incubated for 12 h with the anti-spergen-1 antibody diluted 1:100
with a blocking buffer (PBS containing 5% nonfat milk). The
samples were then incubated for 1 h either with Cy3-conjugated
anti-rabbit IgG (Amersham Pharmacia Biotech.) or with HRP-
conjugated anti-rabbit IgG (BioRad, Richmond, CA). Some of the
samples were double-stained with the anti-spergen-1 antibody and
the MN-7 monoclonal antibody followed by incubation with
Cy3-conjugated anti-rabbit IgG and FITC-conjugated anti-mouse
IgG (Amersham Pharmacia Biotech). For controls, the primary
anti-spergen-1 antibody was replaced by preimmune serum IgG.
For double-labeling with the antibodies against Tom40 and
spergen-1, frozen sections were immunostained with the anti-rat
Tom40 antibody followed by incubation with Cy3-conjugated
anti-rabbit IgG (Amersham Pharmacia Biotech). The samples were
extensively washed in PBS and then labeled with the anti-spergen-1
antibody that was conjugated with Cy2 dye using the
FluoroLink-Ab Cy2 Labeling Kit (Amersham Pharmacia Biotech.)
according to the manufacturer’s instruction.
Fluorescence-labeled samples were examined either by a fluores-
cence microscope (Olympus, Tokyo, Japan) or by a confocal laser-
scanning microscope (Olympus LSM-GB 2000). Immunoperoxidase
labeling was visualized by the method previously described (Iida et
al., 2001) and examined under a light microscope.
Purification of Spermatozoa and Immunoblot
Analysis
Spermatozoa were isolated from epididymides of ether-
anesthetized adult Wistar rats and purified by a Percoll density
gradient method described previously (Iida et al., 1999; Katafuchi et
al., 2000). Purified spermatozoa were either solubilized for immu-
noblot analysis or fixed in 3% paraformaldehyde in PBS and
attached to poly-L-lysine-coated glass slides for immunostaining as
described above. Protein samples dissolved in a SDS–PAGE sample
buffer were separated on SDS–PAGE and transferred to nitrocellu-
lose sheets. The sheets were incubated for 2 h with the affinity-
purified anti-spergen-1 antibody diluted 1:1000 with the blocking
buffer, followed by incubation with HRP-conjugated anti-rabbit
IgG (BioRad) diluted 1:2000 in the same buffer. Antigen–antibody
complexes were visualized by using an ECL detection kit (Amer-
sham Pharmacia).
Immunoelectron Microscopy
Specimens for immunogold electron microscopy were prepared
by the method described previously (Iida et al., 1999). Purified
epididymal spermatozoa, which were fixed in PBS containing 2%
paraformaldehyde and embedded in 10% gelatin, were frozen in
liquid nitrogen after infiltration with 2.3 mol/L sucrose. Ultrathin
sections were cut on a cryo-ultramicrotome (Reichert Jung) and
stained with the anti-spergen-1 antibody, followed by incubation
with 10 nm gold-conjugated goat anti-rabbit IgG (Amersham Phar-
macia). For controls, the primary antibody was replaced by preim-
mune serum IgG. Antibodies were diluted in PBS containing 0.5%
bovine serum albumin and 0.1% gelatin. Immunostained sections
were embedded in methyl cellulose after staining with 2% uranyl
acetate for examination with a Hitachi H-600 electron microscope.
Vector Construction
The nucleotide encoding the myc tag peptide (EQKLISEEDL) was
engineered to fuse in frame with the C terminus of spergen-1
cDNA as previously reported (Doiguchi et al., 2002). The full-
length spergen-1 tagged with myc epitope at the C terminus was
subcloned into the pCDLSR  expression vector (Takebe et al.,
1988) for transfection into COS-7 cells. For GFP (green fluorescence
protein)-fused constructs, the full-length spergen-1 and mutated
spergen-1 were created by PCR and fused in frame with GFP within
pEGFP-N3 expression vector (Clontech Lab, Palo Alto, CA).
Spergen-1 mutants were as follows: (1) spergen-1 lacking the
C-terminal 39 amino acids [spergen-1(1–115)-GFP]; (2) spergen-1
lacking the C-terminal 79 amino acids [spergen-1(1–75)-GFP]; (3)
spergen-1 lacking the C-terminal 119 amino acids [spergen-1(1–35)-
GFP]; and (4) spergen-1 lacking 10 amino acids of the N terminus
[spergen-1(-10N)-GFP]. Information on the nucleotide sequences of
the primers used in this study is available on request. The struc-
tures of these constructs are shown in Fig. 5.
DNA Transfection and Immunofluorescence
Microscopy
Plasmid DNAs were transfected into COS-7 cells grown on cover
slips by using the LipofectAMINE 2000 Reagent (Invitrogen, Carls-
bad, CA), following the manufacturer’s instruction. After 48 h of
culture, transfected cells were processed for fluorescence micros-
copy to detect expressed proteins. When mitochondria were to be
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stained, transfected cells were incubated for 30 min in the culture
medium containing 100 nM MitoTracker Green FM or Mito-
Tracker Orange CMTMRos (Molecular Probes, Eugene, OR) before
fixation.
Transfected cells expressing myc-tagged proteins were fixed
with 3% paraformaldehyde in PBS for 15 min, treated with 50 mM
NH4Cl for 10 min, and permeabilized in 0.1% Triton X-100 for 5
min. After exposure to PBS containing 5% nonfat milk, cells were
incubated with the anti-myc antibody (MBL Co., Nagoya, Japan)
followed by incubation with Cy3-conjugated goat anti-rabbit IgG
(Amersham Pharmacia Biotech). To stain nuclei of COS-7 cells,
immunostained cells were exposed for 30 min to Hoechst 33342
(Sigma Chemical Co., St. Louis, MO). COS-7 cells expressing
GFP-fused proteins were examined after fixation without immu-
nostaining. The samples were examined either by a fluorescence
microscope (Olympus) or by a confocal laser-scanning microscope
(Olympus LSM-GB 2000), as described above.
RESULTS
Immunohistochemical Localization of spergen-1 in
Rat Testis
To clarify the localization of spergen-1 in spermatogenic
cells, we performed immunohistochemistry by using the
antibody against spergen-1. The sections of adult rat testis
were either immunostained with the anti-spergen-1 anti-
body or double-labeled with the anti-spergen-1 antibody
and the MN-7 monoclonal antibody.
In the seminiferous tubules, distinct immunofluores-
cence for spergen-1 was hardly detected in step 6–8 round
spermatids (Fig. 1A) as well as in step 9–10 spermatids (Fig.
1B). Spergen-1-positive immunofluorescence was detected
as a dispersed dotty pattern in the cytoplasm of step 12–14
spermatids (Fig. 1C) and step 15–17 spermatids (Fig. 1D). In
the seminiferous tubules at stage VIII (Fig. 1E), spergen-1
immunoproducts were not only detected in the middle
pieces of step 19 spermatids but also observed in residual
body-like structures. Spergen-1 immunolabeling in the
middle piece of step 19 spermatids appeared to be periodi-
cally arranged in a helix pattern along the axoneme of the
middle piece, which probably represents mitochondria in
maturating spermatids (Fig. 1F). Spergen-1 was virtually
undetectable in mitochondria of spermatocytes, spermato-
gonia, and Sertoli cells. Replacement of the spergen-1
antibody with preimmune serum IgG gave no specific
staining in spermatogenic cells (Fig. 1G). Fig. 1H shows the
stage VIII seminiferous tubule stained with the anti-
spergen-1 antibody and an immunoperoxidase probe. Im-
munoperoxidase reaction product for spergen-1 was de-
tected in residual bodies located in the vicinity of
maturating sperm heads. This result is consistent with the
data shown in Fig. 1E. Immunoperoxidase reaction product
was not observed in the control sections stained with
preimmune IgG, except for red blood cells containing en-
dogenous peroxidase activity (Fig. 1I).
Spergen-1 antigen was detected as a dispersed dotty
pattern in the cytoplasm of elongating spermatids (Figs. 1C
and 1D). In order to examine whether spergen-1 is associ-
ated with mitochondria in the cytoplasm of elongating
spermatids, sections of testes were either immunostained
with the anti-Tom40 antibody or double-stained with the
anti-Tom40 antibody and the spergen-1 antibody conju-
gated with Cy2 dye. Tom40, which is a central component
of the preprotein translocase of the outer membrane of
mitochondria (Suzuki et al., 2000), was used as a marker
protein for mitochondria. As shown in Fig. 1J, Tom40-
positive immunofluorescence was detected as a dispersed
dotty pattern in the cytoplasm of step 15–17 spermatids.
Confocal laser-scanning microscopy performed on double-
labeled samples showed that most, if not all, Tom40 protein
was colocalized with spergen-1 antigen in the cytoplasm
(Fig. 1K), suggesting association of spergen-1 with mito-
chondria.
Spergen-1 Is Associated with Mitochondria in a
Middle Piece of Spermatozoon
We next examined by immunocytochemistry and im-
munoblot analysis whether spermatozoa prepared from
epididymis express spergen-1. Spermatozoa were exam-
ined by confocal laser-scanning microscopy after double-
staining with the anti-spergen-1 antibody and the MN-7
monoclonal antibody. Immunolabeling for spergen-1 was
intensively localized to the middle pieces of spermato-
zoa, with undetectable labeling on sperm heads, necks,
principal pieces, and end pieces (Fig. 2A). At high magni-
fication, spergen-1-immunolabeling in the middle piece
appeared as periodically arranged dotted structures along
the axoneme, probably representing mitochondria (Fig.
2B). On the blot to which whole proteins of purified
spermatozoa were transferred, the anti-spergen-1 anti-
body recognized a protein migrating at 18 kDa (Fig. 2C),
which is close to the 18,041 Da calculated from the
spergen-1 amino acids sequence deduced from the cDNA
sequence (Doiguchi et al., 2002).
The outcome described above suggests the localization of
spergen-1 on mitochondria in the middle piece of sperma-
tozoa. In order to determine whether spergen-1 localizes to
the surface of mitochondria or the mitochondrial matrix,
immunogold electron microscopy was carried out on ultra-
thin cryosections of epididymal spermatozoa. In the
samples incubated with the anti-spergen-1 antibody and 10
nm immunogold, the majority of gold particles complexed
with the anti-spergen-1 antibody appeared to label the
periphery of mitochondria in the sperm middle piece, rather
than the mitochondrial matrix (Fig. 3A). Immunogold label-
ing was low and sparse over the axoneme and the outer
dense fiber in the middle piece (Fig. 3A) as well as in the
principal piece (Fig. 3B). Little labeling was observed in the
control samples in which the primary antibody was re-
placed by preimmune IgG (Fig. 3C).
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FIG. 1. Immunohistochemical localization of spergen-1 in the seminiferous tubules of adult rat testis. Frozen sections are stained with
the anti-spergen-1 antibody and the MN-7 monoclonal antibody (A–F), with the anti-spergen-1 antibody (H), or with preimmune IgG (G and
I). Some samples are either immunostained with the anti-Tom40 antibody (J) or double-labeled with the anti-Tom40 antibody and the
anti-spergen-1 antibody (K). Samples are secondly labeled either with fluorescence-conjugated probes (A–G, J, and K) or with a
peroxidase-conjugated probe (H and I). In (A) and (B), immunofluorescence signals for spergen-1 (left) and MN-7 (center) are merged in the
right panel. Distinct immunofluorescence for spergen-1 is not observed in step 6–8 round spermatids (cap phase) with developing acrosome
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Expression of spergen-1 in COS-7 Cells Induces
Aggregation of Mitochondria
We have previously shown that myc-tagged spergen-1 and
GFP-fused spergen-1 were transported to mitochondria in
transfected COS-7 cells, if they have a mitochondria-targeting
signal at the N terminus (Doiguchi et al., 2002). Figure 4A
shows COS-7 cells transfected with pCDLSR  vector encod-
ing myc-tagged full-length spergen-1. Although expressed
spergen-1 was transported to mitochondria in the cells as
FIG. 2—Continued
(A) and step 9–10 spermatids (acrosome phase) (B), but detected in the cytoplasm of elongating spermatids of step 12–14 (C) and step 15–17
(D). Spergen-1 is also detected in the middle pieces of step 19 spermatids (E, an arrow). At high magnification, immunolabeling of spergen-1
in the middle piece of step 19 spermatid appears as a periodically arranged twisted structure, probably representing mitochondria (F,
arrowheads). Spergen-1 is also detected in the residual bodies located in the luminal region of the seminiferous tubules at the stage VIII (E
and H, double arrows). Replacement of the spergen-1 antibody with preimmune serum IgG gave no specific staining in spermatogenic cells
(G and I). Tom40, a protein of the outer mitochondrial membrane, is detected as a dispersed dotty pattern in the cytoplasm of step 15–17
spermatids (J). In (K), sections are double-stained with the anti-Tom40 antibody (left) and the spergen-1 antibody conjugated with Cy2 dye
(center). A confocal image produced by superposition of left (red) and center (green) is shown in the right panel. Regions of colocalization
of the two antigens (arrows) are visualized by yellow (right). Arrowheads in (G) indicate the basal contour of the seminiferous tubules. L,
lumen of seminiferous tubules.
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FIG. 2. Confocal laser-scanning microscopy showing the subcellular localization of spergen-1 in purified epididymal spermatozoa, and
immunoblot analysis for spergen-1. Samples are double-stained with the MN-7 monoclonal antibody (left) and the anti-spergen-1 antibody
(center) (A). A confocal image produced by superposition of the left (green) and the center (red) is shown in the right panel. An arrow in the
right panel of (A) indicates the boundary between the middle piece and the principal piece of a spermatozoon. A part of the right panel is
enlarged in (B), in which mitochondria immunostained by the anti-spergen-1 antibody are indicated by arrows. In (C) proteins of purified
epididymal spermatozoa are separated by SDS–PAGE and either stained with Coomassie brilliant blue (lane 1) or subjected to immunoblot
analysis using the anti-spergen-1 antibody (lane 2). The anti-spergen-1 antibody recognizes a protein migrating at 18 kDa on the blot.
FIG. 3. Immunogold electron microscopy showing the distribution of spergen-1 antigen in the middle piece of rat spermatozoa.
Immunogold predominantly labels the surface of mitochondria of the mitochondrial sheath (M) in the middle piece (A), whereas little
labeling is detected on the outer dense fibers (ODF) and the axoneme in the middle piece (A) as well as in the principal piece (B). No specific
labeling is observed on the mitochondrial sheath (M) in the control (C). An arrow in (A) indicates a microtubule of axoneme. F in (B)
indicates the fibrous sheath of the principal piece. Bars, 100 nm.
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previously reported (Doiguchi et al., 2002), we noticed that
part of the transfected cells contained perinuclear aggregations
of expressed spergen-1 protein (Fig. 4A, arrow). When trans-
fected cells were examined after incubation with MitoTracker
Green FM to visualize mitochondria, it was evident that
aggregations of expressed spergen-1 colocalized to mitochon-
dria assembled in the perinuclear cytoplasm (Fig. 4B), con-
comitant with the reduced number of mitochondria dispersed
in the peripheral cytoplasm (Fig. 4C). These results suggest
that, in part of transfected COS-7 cells, mitochondria associ-
ated with expressed spergen-1 are agglutinated and assembled
into perinuclear aggregations.
To investigate in detail the properties of spergen-1, we
constructed pEGFP expression vectors encoding various
spergen-1 mutants fused with GFP (Fig. 5). The expression
vectors that contain both a CMV promoter and a Kozak
consensus translation initiation site are optimized for
higher expression of GFP-fused proteins in mammalian
cells. Spergen-1-GFP fusions are as follows: (A) full-length
spergen-1 fusion (spergen-1-GFP); (B) spergen-1(1–115)-GFP;
(C) spergen-1(1–75)-GFP; (D) spergen-1(1–35)-GFP; (E) wild
GFP; and (F) spergen-1(-10N)-GFP. Spergen-1-GFP, spergen-
1(1–115)-GFP, spergen-1(1–75)-GFP, and spergen-1(1–35)-
GFP contain the N-terminal mitochondria-targeting signal,
while spergen-1(-10N)-GFP and wild GFP are devoid of the
signal. These full-length and deleted mutants of spergen-1
were examined for their ability to induce mitochondrial
aggregation in transfected cells.
Mitochondrial aggregations were observed in the cells
expressing spergen-1-GFP (Fig. 6A), spergen-1(1–115)-GFP
(Fig. 6B), and spergen-1(1–75)-GFP (Fig. 6C), whereas we did
not observe any aggregation in the cells expressing spergen-
1(1–35)-GFP (Fig. 6D). Mitochondrial aggregations were also
undetectable in the cells expressing spergen-1(-10N)-GFP
(Fig. 6E) and wild GFP (Fig. 6F), both of which were diffusely
distributed in the cells. To evaluate the incidence of mito-
chondrial aggregation in the COS-7 cells transfected with
various constructs of spergen-1, the cells containing mito-
chondrial aggregations associated with GFP-fused proteins
were counted under a fluorescence microscope and ex-
pressed as the percentages in Table 1. Mitochondria in the
transfected cells were monitored by staining the cells with
MitoTracker Orange. The results showed that spergen-1-
GFP and spergen-1(1–115)-GFP induced mitochondrial ag-
gregation with a high rate, compared with that of spergen-
1(1–75)-GFP. Other spergen-1-GFP fusions, including
spergen-1(1–35)-GFP, did not induce mitochondrial ag-
gregation. These results imply that, in addition to the
N-terminal targeting signal to mitochondria, the
C-terminal region of spergen-1 is requisite for induction of
mitochondrial aggregation.
DISCUSSION
The spergen-1 gene is developmentally up-regulated dur-
ing rat testis development and specifically expressed in
FIG. 4. Transfection of spergen-1 into COS-7 cells. COS-7 cells are
transfected with myc-tagged full-length spergen-1. After 48 h of
culture, transfected cells are either immunostained with the anti-myc
antibody (A) or incubated with MitoTracker Green FM before immu-
nostaining with the anti-myc antibody (B and C). Cells are observed
either by a confocal laser-scanning microscope (A and B) or by a
fluorescence microscope (C). Myc-tagged spergen-1 is detected either
in dispersed mitochondria or in a perinuclear aggregation (Fig. 1A, an
arrow). In (B), confocal images produced by superposition of Mito-
Tracker (green) and myc-tagged spergen-1 (red) are shown in the right
panel. Colocalization of the two molecules is visualized by yellow in
the right panel. In a cell shown in (C) spergen-1-associated mitochon-
dria (orange) are assembled into aggregations around the nucleus
stained by Hoechst (blue), concomitant with a loss of mitochondria
dispersed in the peripheral cytoplasm (arrows). Orange color is
produced by overlap of MitoTracker Green FM and Cy3. Cells
expressing no spergen-1 have dispersed MitoTracker-labeled mito-
chondria (green) in the cytoplasm. N, nucleus.
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haploid round spermatids (step 5–11) in the rat seminiferous
tubules (Doiguchi et al., 2002). In this study, we showed by
immunohistochemistry that spergen-1 protein began to
appear in the cytoplasm of step 12–14 spermatids and that it
was finally localized to mitochondria in the middle piece of
spermatozoa. At spermiation, part of spergen-1-associated
mitochondria was discarded as residual bodies into Sertoli
cells. These results suggest that spergen-1 is indeed a
mitochondria-associated protein in both elongating sperma-
tids and matured spermatozoa. Several mitochondrial pro-
teins, such as hsp60, Lon protease, mitochondrial hsp70,
and a testicular isoform of cytochrome C, have been known
to be expressed during distinct phases of spermatogenesis
(Meinhardt et al., 1999). However, as far as we know, few
mitochondrial proteins specifically expressed in haploid
spermatids have been reported so far.
Mitochondria in spermatozoa are different from those in
somatic cells in several ways. It has been known that
mitochondria of spermatogenic cells modify their morpho-
logical organization, number, and location during the pro-
cesses leading to sperm production and that the morphol-
ogy of mitochondria changes from orthodox type via a
condensed form to the intermediate type during differentia-
tion from spermatogonia to haploid spermatids (De Martino
et al., 1979; Meinhardt et al., 1999). From step 8–10
spermatids onwards, the intermediate type of mitochon-
dria, which shows crescent-shaped cristae and less con-
densed matrix, begins to elongate and agglutinate to form a
chain-like twisted structure, i.e., a mitochondrial sheath,
around the flagellum (Holstein and Roosen-Runge, 1981).
Part of mitochondria tagged with ubiquitin leaves develop-
ing spermatids and is phagocytosed by Sertoli cells (Su-
tovsky et al., 1999, 2000). Finally, mitochondria are ar-
ranged in a helix around the outer dense fibers to deliver
ATP to the axoneme for flagellar propulsion. Development
of mitochondrial helical sheath in mouse spermatids was
exclusively examined with a scanning electron microscope
and divided into four stages (Otani et al., 1988). Their
excellent work clearly demonstrated the elaborated and
complicated process of the mitochondrial sheath assembly
in the middle piece of spermatids. It is, however, still
unknown how mitochondria in spermatids come together,
agglutinate, and construct the mitochondrial sheath around
the outer dense fibers of the middle piece, and there is little
information about molecules involved in this process.
We have previously shown that, when expressed in
COS-7 cells, spergen-1 was transported to mitochondria and
that the N-terminal 10 amino acid residues in spergen-1
protein were essential for transport of the protein to mito-
chondria (Doiguchi et al., 2002). In this study, we further
revealed that spergen-1 expressed in COS-7 cells induced
mitochondrial aggregation. Since the expression level of
spergen-1 in the transfected cells is uncontrollable, it is
difficult to determine whether mitochondrial aggregation is
correlated with the expressed level of spergen-1 in the cells.
Mitochondrial aggregation is not merely an artificiality
produced by overexpression of spergen-1 in the transfected
cells, but probably reflects the property of spergen-1 since
spergen-1 mutants lacking the N-terminal mitochondria-
targeting signal failed to induce mitochondrial aggregation.
In addition, spergen-1 (1–35)-GFP also failed to induce
mitochondrial aggregation in spite of the fact that it was
transported to mitochondria. It is, therefore, probable that
spergen-1 has both the N-terminal mitochondria-targeting
signal and the C-terminal region required for induction of
mitochondrial aggregation.
Mitochondria in elongating spermatids come together
and agglutinate to form the mitochondrial sheath around
the outer dense fibers of sperm flagellum. Formation of the
mitochondrial sheath is not seen in somatic cells as a
FIG. 5. The structures of GFP-fused spergen-1 mutants. Designations of GFP-fused proteins are shown in the right sides. (A) Full-length
spergen-1 [spergen-1-GFP]; (B) spergen-1 lacking the C-terminal 39 amino acids [spergen-1(1–115)-GFP]; (C) spergen-1 lacking the C-terminal
79 amino acids [spergen-1(1–75)-GFP]; (D) spergen-1 lacking the C-terminal 119 amino acids [spergen-1(1–35)-GFP]; (E) Wild GFP; (F)
spergen-1 lacking 10 amino acids of the N-terminus [spergen-1(-10N)-GFP].
134 Doiguchi et al.
© 2002 Elsevier Science (USA). All rights reserved.
FIG. 6. Effects of expression of GFP-fused spergen-1 and its mutants on mitochondrial distribution in transfected COS-7 cells. COS-7 cells
are transfected with the expression vectors encoding various GFP-fused spergen-1 mutants depicted in Fig. 5. After 48 h of culture, cells are
fixed and examined by a confocal laser-scanning microscope. In (E) and (F), transfected cells are incubated with MitoTracker Orange before
fixation, and confocal images produced by superposition of MitoTracker Orange (red) and GFP fusions (green) are shown in the right panels.
Mitochondrial aggregations are seen in the cells transfected with spergen-1-GFP (A), spergen-1(1–115)-GFP (B), speren-1(1–75)-GFP (C), but
not seen in the cells transfected by spergen-1(1–35)-GFP (D), spergen-1(-10N)-GFP (E), and wild GFP (F). N, nucleus.
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general way, but is essential for sperm maturation. In view
of the fact that spergen-1 is exclusively expressed in elon-
gating spermatids and associated with their mitochondria
and that it tends to induce mitochondrial aggregation, at
least in cultured cells, we hypothesize that spergen-1 might
be involved in spermiogenesis by assembling mitochondria
into the mitochondrial sheath in the middle pieces of
spermatozoa. If this is the case, the C-terminal region of
spergen-1 might function as an adhesive molecule to as-
semble mitochondria into the mitochondrial sheath.
Spergen-1 protein of rat has the N-terminal hydrophobic
region interrupted by several basic amino acid residues,
which is also conserved in mouse spergen-1. Although we
have provided the evidence that the N-terminal 10-amino-
acid residues in spergen-1 protein are essential for transport
of the protein to mitochondria (Doiguchi et al., 2002), it is
unknown how spergen-1 is transported to mitochondria.
The vast proportions of mitochondrial proteins are synthe-
sized on cytoplasmic ribosomes and posttranslationally
imported into mitochondria via mitochondrial import
stimulate factor (MSF)-dependent pathway or heat shock
protein 70 (Hsp70)-dependent pathway (Ryan and Jensen,
1995; Mihara and Omura, 1996). MSF specifically recog-
nizes mitochondria-targeting signals of precursor proteins
and transports them to the Toms receptors on the outer
membrane of mitochondria (Komiyama et al., 1994; Kanaji
et al., 2000). It remains to be determined whether spergen-1
interacts with MSF or Hsp70 in spermatids. It is also
important to determine the amino acid residues at the N
terminus of spergen-1 essential for mitochondria-targeting.
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